ABSTRACT. A field study was conducted in May 1988 to estimate mortality rates of individual cohorts of larval walleye pollock Theragra chalcogramma in Shelikof Strait, Gulf of Alaska. Two surveys of the area of larval distribution were done 12 d apart and daily mortality rates estimated from changes in abundance of each cohort. This study was designed to minimize potential sources of bias to mortality estimates, such as larval extrusion or escapement from sampling gear, advective or diffusive gain or loss of larvae into or out of the sampling area, the uncertainty incurred by the use of length as a proxy for age, and the often erroneous assumption of constant production and mortality rates. The agespecific mortality rates from this study were low compared to rates previously estimated for larval walleye pollock. Four significant mortality estimates, ranging from 0.041 to 0.0f6 d-', came from among the youngest cohorts. The low larval mortality rates in 1988 coinaded with very calm ocean conditions. Larval drift rates estimated in this study were coherent with the movement of a satellite-tracked drift buoy and averaged 3.1 to 3.9 an s-', which is comparable to rates reported from other studies.
INTRODUCTION
One of the most challenging problems in marine research is the estimation of mortality rates of organisms. This is particularly the case with planktonic early life stages of marine fishes due to the broad spatial and temporal scales of their distribution, their movement with currents, other sampling difficulties, and nonconstant birth rates (i.e. often peaked spawning cycles). It is frequently inappropriate to assume a stable age distribution and constant mortality rates to justify use of catch curve analysis (Ricker 1975 . Hewitt & Methot 1982) . Knowledge of mortality rates of marine fish eggs and larvae is a key to understanding the recruitment process of marine fishes because, for many species, the magnitude of recruitment may be established during early life stages (Houde 1987 . Sundby et al. 1989 , van der Veer et al. 1990 ). Accurate measurement of the magnitude and variability of mortality rates in the field 0 Inter-Research 1993 is required to assess the causes and processes of mortality, such as predation and nutrition. Data on interannual variation in mortality rates can also be instrumental in forecasting year-class success.
We describe a method used to estimate the daily mortality rates for larval fishes from a population characterized by highly aggregated spawning that occurs over a short period of time. Walleye pollock Theragra chalcogramma spawning in Shelikof Strait (Alaska) occurs largely within a 1 mo period ( Picquelle & Megrey in press) . Larvae live in the upper 100 m of the water column and are advected to the southwest for several weeks in the Alaska Coastal Current (ACC) (Hinckley et al. 1990 , Kendall & Picquelle 1990) and larval distributions are relatively predictable in time and space.
We have identified cohorts of larval walleye pollock from their hatch-date distributions as determined from. daily growth increments on otoliths and have sampled the population twice, ca 12 d apart, to estimate mortality rates for each cohort. Larval transport was estimated from movement of several main patches of cohorts, from the dqlacement of centroids of the entire larval distribution, and from a satellite-tracked drift buoy (drogued at 40 m, the depth of highest larval abundance) released in the center of one of the main larval concentrations. Advection of larvae across the boundaries of the sampling gnd was estimated from a model of advection and diffusion.
METHODS
Survey design. Data from larval walleye pollock surveys of Shelikof Strait in 1986 and 1987 were examined to set the overall boundaries of the sampling area used in the present study and to estimate the likely abundances of larvae. An analysis of these data was used to estimate the number of stations needed to detect a reasonable minimum mortality rate. A power analysis (Zar 1984) , using an estimate of variance of larval abundances in 1986 and 1987, indicated that, for a power of 0.8 and 0.95, a sample size of 50 stations per pass would detect overall mortality rates of 0.029 and 0.037 d-I, respectively. These appeared to be reasonable lower l i m i t s of larval mortality which might be expected.
A stratified survey design was used for both passes. A stratification scheme for the first survey of the area (Pass 1) was based on prior information. Historically. high densities of larvae have been observed between Sutwik Island and the Semidi Islands (Fig. la) . We also expected high densities in the inshore area north of Sutwik Island. Five strata were included in Pass 1 (Fig. la) . The 7 strata for the second survey (Pass 2, Fig. lb) were determined from the shipboard counts of the larvae found in Pass 1. The high inshore abundances found in Pass 1 were predicted to move to the southwest with the prevailing current; therefore the Pass 2 survey was extended further to the southwest.
The cruise was conducted from the NOAA vessel 'Miller Freeman' between 19 May and 9 June 1988.
A grid of stations 9 or 19 km apart was established as described above and refined based on larval surveys of prior years, and from results of egg and larval cruises in April and May 1988. This grid was occupied from 21 to 24 May (Fig. la, Pass 1) and was resampled from 1 to 6 June (Fig. lb, Pass 2) with 0.505 mm mesh, a 3 m Tucker trawl with 1.5 mm mesh, and a Methot frame trawl with 2 x 3 mm oval mesh (Methot 1986 ). This range of gear types and mesh sizes has been shown to catch walleye pollock ranging from ca 4 to 40 mm standard length (SL) Bailey unpubl.) . TWO daytime tows and 1 or 2 nighttime tows were done with each gear type. Each set of gear comparisons was located in an area of relatively high (>250 larvae abundance, and took ca 24 h to complete. All hauls for a particular set of gear comparisons were done at the same location.
The first set of gear comparison tows (20 May) indicated that the Tucker trawl was the most efficient in catching the size range of larvae observed (4 to 15 mm SL). It was therefore chosen as the standard gear for the larval surveys. Oblique tows were done to a depth of 100 m, as prior work has shown that larvae are above 100 m at this time of year (Kendall et al. 1987) . The ship's speed was approximately 2 to 2.5 knots. A flow meter was used to normalize catch for volume filtered. The Tucker trawl was deployed with the net closed, and a messenger was sent to open the net when it reached sampling depth. The net was then retrieved a t 20 m min-'.
A subsample of walleye pollock larvae was removed horn the cod end and immediately preserved for speaal studies. This subsample included larvae which were preserved in 95 % ethanol for daily growth increment analysis. In order to find areas of high concentrations of larvae for further special studies and to find the boundaries of the larval distribution (to ensure that the complete larval distribution was sampled), a volunetric subsampling method was used on the remainder of the catch to estimate the total number of larvae. The remaining contents of the cod end, aside from larvae removed for special studies, were preserved in 5 % buffered formalin. These samples were later resorted for a final count of walleye pollock larvae, which included those that had been removed for special studies.
Analytic methods. The number of larvae per tow was converted to number of larvae per 10 mz using a standard haul factor (Smith & Richardson 1977). Total number of larvae per pass was the sum over all strata of the stratum mean multiplied by the area of the stratum. Gear comparisons: For each of the 3 sets of gear comparison tows, catch rates by larval size interval were compared among gear types to test whether significant numbers of small or large larvae were missed by the sampling gear, and to examine catching effiaency by larval size. The number of larvae per 1 0 mz per 1 mm SL interval for each of the gear comparison tows was averaged by gear type. A Kolmogorov-Smirnov test (K-S; Zar 1984) was done to assess the difference in catch rates between the bongo net and the 1 m Tucker trawl.
An analysis of variance (ANOVA) of 1 m Tucker trawl catches was done to test whether catch rates differed between day and nigh! (indicating gear avoidance). The catch per 10 mz at each survey station was log-transformed to equalize the variance. The factors i n the ANOVA were strata and day/night. Two strata from Pass 1 were excluded because they contained Only stations done during the day.
Length-frequency and shrinkage: The standard length of 50 walleye pollock larvae per haul (Passes i & 2) was measured from a combination of ethanolpreserved larvae, formalin-preserved larvae, and larvae measured before preservation. Larval lengths from each preservative type were combined in order to construct an unbiased length-frequency file. Biases by preservative type were due to selective removal of larvae (by size) for speaal studies. The number of larvae measured from each preservative type was proportional to the total number of larvae which had been placed in that preservative. Samples from each preservative type were random. Lengths of larvae from different preservative types were converted to fresh (pre-fixation) lengths using the following relationships: An analysis of covariance (ANCOVA) was done to test differences in growth over the study period and area. The ANCOVA included length as a dependent variable, stratum as a categorical variable, and age as the covariate. and included an age-stratum interaction term. The analysis showed that the slope of the agelength regression (over the common range, 5 to 18 mm) did not vary significantly among stations over the survey area (p = 0.919). Within each pass, pair-wise tests of the equality of the intercepts (using Bonferroni probabilities; Miller 1981) of the length-age regression among strata showed that within Pass 1.4 of the 5 pairs of strata tested had the same intercept (p > 0.05), while 1 was statistically different (~~0 . 0 5 ) . However, this difference was small and we considered it insigmficant. Withii Pass 2, the intercepts were the same among strata. Growth rates within each pass were therefore treated as equal.
MorMify estimation: An age-length key (Kimura 1977) was computed for each pass. There were 309 larvae aged from Pass 1 and 249 larvae aged from Pass 2. The elements in each row (G) of the key are the proportion of fish in length interval I that are age a, thus each row is the age distribution for the length interval. Each element in the matrix is used to estimate the proportion of length I larvae in the population that are age a. Age and length intervals were chosen to cover &e range of the aged larvae (length ranged from 3 to 22.5 mm. age ranged from 6 to 62 d.). The interval size must be large enough to contain enough larvae in the sample to produce reliable estimates of the true proportions in the population. In this application, length intervals of 0.5-mm were used. Daily ages were desired, but this resulted in too many age intervals for the number of aged larvae, so age intervals of 3 d were used. Additionally, the use of age intervals less than 3 d would not be justified as the measurement error in the aging process was k 1 d.
An age-length key was used for this study rather than an estimated age-length relationship for converting length-frequencies into age-frequencies. This is necessary because fish of a specific cohort may be missing from the population but could be misidentified in the length composition due to the averaging effect of the model. An age-length key preserves the shape of the age distribution present in the aged subsample.
which is assumed to be a precise representation of the true age distribution if the aged subsample is unbiased.
The standardized catch of larvae at each station was partitioned into 3 d cohorts based on the length distribution at the station and the appropriate age-length key. Cohorts were defined by the age of the larvae on the mean date of the pass. For example, the mean date for Pass 2 was day-of-the-year (DOY) 155, so a larva sampled on DOY 153 with an estimated age of 22 to 24 d would be assigned to the 24-to 26-d-old cohort, its age on DOY 155. This age adjustment for the day of sampling was necessary because the duration of each pass (5 d) was longer than the duration of a cohort (3 d).
The total number of larvae in each cohort for each pass was computed by summing the estimated cohort totals from each stratum. The cohort totals for each stratum were estimated by averaging the estimated number o f larvae from each station in the cohort over stations, then multiplying the average by the total area of the stratum. The variance of the estimated cohort totals has 2 components: the variability about the standardized catch sizes within each stratum and the uncertainty about the age distribution. This uncertainty is due to using an age-length key to estimate the age of the larvae rather than measuring the age of each larva directly. k u r a (1977) estimated variance of an age distribution from an age-length key; however, in the present application, the age distribution variance was complicated by the fact that a cohort is comprised of larvae from different age intervals corresponding to the drfferent sampling dates. Therefore, an estimator for the variance about a total of a range of ages was used (S. J. Picquelle. ASFC, pers. comm.) . Covariance between the estimates for a cohort from the 2 passes is assumed to be zero because these estimates are taken from 2 surveys which are statistically independent.
Mortality rates were estimated for each 3 d cohort that was present in both passes. Cohorts represented by very few fish in the age-length key (Le. very young and very old fish) were dropped from the mortality analysis, as they were suspected of being underrepresented in the catch. The mean dates of the 2 passes were separated by 12 d. An exponential function was used to estimate cohort-specific mortality rates over the 12 d. This model was also used to calculate the instantaneous daily mortality rate for the combined 10 April to 16 May cohorts.
The variance of the mortality rate was estimated using the delta method (Seber 1982) .
where Va(z,) = approximate estimate of variance about the mortality rate for cohort a; and Va(C,.) = estimate of the variance about the estimated abundance of cohort a in Pass h (Picquelle pers. comm.) .
The significance of the mortality coefficients could have been tested with a simple t-test, however, the variance of the mortatity rate is an approximation. Therefore, the significance of the mortality rate was inferred through the use of a test of the difference in abundance of each cohort between Passes 1 & 2. This was a 2-tailed test where the vaziances of the abundances were not assumed t o be equal and the critical value for the test was a weighted average (Sokal & 
Rohlf 1981).
Biases to the mortality estimates caused by advective transport into or out of the study area were examined by a model of advection and diffusion developed for
Environmental Laboratory (PMEL), 7600 Sand Point Way NE, Seattle, unpubl. data) . The model is a 2-dimensional (depth-integrated) finite difference model with an imposed veloaty field, that contains terms for larval mortality and age-dependence:
where C = the depth-integrated concentration of larvae; t = time; U = cross-strait horizontal veloaty; x = cross-strait axis; V = along-strait horizontal velocity; y = along-strait axis; ICH = horizontal coefficient of eddy diffusivity; Q (a,x. y, t) = the larval source and sink term (i.e. hatching and mortality); and a = larval age.
The concentration o f larvae was assumed constant normal to the model boundaries IC(x,y,t) = 01. The horizontal velocities and coefficient of eddy diffusivity (which is assumed constant) were determined using drift buoy and current meter data. The only biological input into this model was an age-dependent mortality which enters via the Q (d,x,y,t As an alternative, mortality rates derived from the age composition within each pass were also calculated via catch -e analysis (Ricker 1975) for comparison to those derived from the 2 passes. Assumptions made when using this method are that Production of fish of all ages is constant, that mortality rate for all ages is also constant, and that all ages are equally vulnerable to sampling gear. Total mortality rates, over all ages, from the catch curves within each Pass were calculated from a regression of log abun-, dance on age:
where C , = estimated abundance of cohort a in Pass h; ta = age of cohort a; ab = intercept for Pass h; zb = estimated instantaneous daily mortality rate for Pass h.
Larval drift. Larval spatial distributions were contoured separately for each 3 d cohort for each pass. These plots were examined for patterns of distribution and for evidence that part of the larval distribution might have been missed in either Pass 1 or Pass 2 (indicated by high concentrations of larvae near the survey boundaries), thereby biasing the mortality estimates. Drift of larvae between Passes 1 & 2 was measured by assuming coherence of 3 major observed larval patch features, and by measuring the net movement of these patches between the passes.
Centroids, a measure of the center of mass of the larval distribution computed by using abundances at each station weighted by the locations of the stations (Kendall & Picquelle 1990) . were calculated for all larvae from each pass. Centroid locations were corrected for irregular sampling distribution (with more stations in the inshore areas) by weighting each station location not only by larval density, but also by the area each station represented. Net displacement of the centroids of larval distribution was calculated for the interval between the 2 passes.
The 2 estimates of larval drift (from patch displacement and centroid displacement) were compared to the estimates of upper-water-column movement derived from a satellite-tracked drift buoy that was released in an area of larval concentration near the Alaska Peninsula during Pass 1.
RESULTS

Day/night catch comparison and catchability
Catch rates of walleye pollock larvae did not vary significantly between day and night (ANOVA, p = 0.56. Table 1 ). There was no consistent pattern of catch in the day or the night. The strata effect was highly significant (ANOVA, p = 0.0003, Table 1 The catch rates of the bongo and the 1 m Tucker trawl did not differ sigmficantly (K-S test, p = 0.89). Other work on catchability of larvae by these gear types (Shima & Bailey unpubl. data) has also shown no consistent pattern of differing effiaency over this larval size range. The gear comparison experiments showed that the 1 m Tucker trawl was effective in catching the entire length-range o f larvae that were caught by the other gear (Fig. 2) 
Model o f advection and diffusion
Estimates of probable changes in larval distribution derived from the application of the advection and diffusion model resulted in dropping the 2 northemmost stations from the Pass 2 survey. Larvae found at these 2 stations would have been upstream of the survey area in Pass 1 and therefore would have been advected into the Pass 2 survey area. Otherwise, the boundaries for Pass 2 were not changed, as the model predicted that mare than 95 % of the larvae found in Pass 1 would be found within the area covered during Pass 2. Comparison of the larval concentrations predicted from the model and those observed on the second survey (Fig. 3) shows that patch structure observed in the field was not preserved due to diffusion in the model, for all reasonable values of diffusivity (KH > 5 x 105 ~-1 ) .
Mortality rates
Abundances of the 10 April through 16 May cohorts were used to estimate mortality rates. Abundances for the 10 through 28 April cohorts were very similar between Passes 1 & 2. Abundances of fish with hatch dates between 1 and 16 May showed a clear dedine in abundance from the first to the second pass (Fig. 4) .
The instantaneous daily mortality rates ( 2 ) for the separate 3 d cohorts ranged from -0.0574 to 0.0757 d-' (Fig. 5 ) showed an area of relatively high concentration of larvae from the 10 to 19 April cohorts on the northwest side of the survey area near the Alaska Peninsula, which might not have been fully sampled. This was of interest due to the fact that the mortality rate estimated for these 4 cohorts were negative ( Table 2) . To test !:ether a significant number of larvae might have been missed in the inshore area during Pass 1 (which would have lowered the mortality rates for these cohorts), the northwest boundary of the survey area was redrawn closer to the Alaska Peninsula, increasing the total survey area for Pass 1. Larval abundances were extrapolated to the new boundary. and mortality rates recalculated using new total cohort abundances for Pass 1. The results of this analysis showed that, unless unusually high abundances of larvae were present in the nearshore areas outside the Pass 1 grid, extension of the survey area would not have been suffiaent to raise the estimates of the mortality rates for these cohorts above zero ( Table 3) .
The overall daily mortality rate for each pass derived from the catch curve analysis was z = 0.0838 d-' for Pass 1, and z = 0.0421 d-' for Pass 2.
Larval drift
Three main areas of concentration of larvae are visible in the distribution of the combined 10 April to 16 May cohorts in Pass 1 (Fig. sa) . Two patches were found to the northeast of Sutwik Island near the Alaska Peninsula ('Patch 1' and 'Patch 2'), and one was found to the northeast of the Semidi Islands ('Patch 3'). Three concentrations of larvae also are visible in Pass 2 (Fig. 6b) , one to the northeast of Sutwik Island ('Patch l'), one to the southwest of Sutwik Island ('Patch 2'), and one to the south of the Semidi Islands ('Patch 3'). Most of the 3 d cohorts were present in all 3 of these main patches in each pass.
There was an apparent southwestward displacement of all 3 patches over the interval between passes. By assuming the coherence of these 3 patches and measuring their displacement between the 2 passes, we could use their net movement over this time period as an estimate of the rate of larval drift. The time period over which movement was estimated was between the actual sampling dates at each patch rather than between the mean pass dates. Drift was calculated from the straight-line movement of patches between the 2 dates.
Patch 1 movement averaged 2.59 cm s-', Patch 2 averaged 3.61 an s-l, and Patch 3 averaged 5.29 cm s-l. The average rate of drift for all 3 patches was 3.8 an s-'.
Rates of drift were also estimated from displacement of the centroids of the entire larval distributions for each pass. The location of the centroids for 1988 in Passes 1 & 2 were similar to 1981 and 1986 (Fig. 7) . The centroid locations for 1979 and 1982 were further offshore. Centroid locations appear farther offshore than might be indicated by the distributions shown in the contour plots because the few high stations represented in the patches do not have a large impact on centroid locations, whereas they are interpolated over a larger area in the contour plots. The displacement of the centroids over the 12 d between mean pass dates suggests a rate of drift of 3.9 a n s-I.
The net movement of the satellite-tracked buoy was compared to these 2 estimates of larval drift. The buoy was deployed on 24 May, near the center of Patch 1 (which was sampled at approximately this time) (Fig. 8) .
The buoy location on 31 May was close to the center of Patch 1 when it was sampled during Pass 2 (on 1 June). If only the period 24 May to 1 June was considered (corresponding approximately to the interval between the passes), the average velocity was 4.7 cm s-'.
DISCUSSION
Estimating larval mortality rates for marine fish is difficult due to the many sources of sampling bias and error. In this study, we have attempted to avoid many of the problems which have complicated earlier studies. Use of multiple surveys instead of the more usual catch curve analysis made it possible to avoid the assumptions of constant egg production and constant mortality.
Comparisons of several gear types and daylnight sampling indicated that retention and escapement of walleye pollock larvae from sampling gear was not a problem. Transport of larvae through the sampling area was accounted for by sampling virtually the entire distribution of walleye pollock larvae, and boundaries were refined through the use of a model of advection and diffusion developed for this area. By analyzing daily growth increments of otoliths, we avoided the uncertainty of using length as a proxy for age, ensured that the same cohorts were identified in each survey, and were able to estimate mortality rates for specific 3 d cohorts of larvae. Ageing also made it possible to truncate the range of cohorts that had estimated mortality rates to those that were adequately sampled in each pass. Also, Somerton & Koyabashi (1992) show that truncating the age distribution avoids bias due to low capture probabilities. Larvae hatched after completion of the first pass could also be excluded this way. Since virtually the complete vertical and horizontal distribution of larvae was sampled in this study, differences in spatial dstribution of larvae, for example with age, were not a factor.
The range of mortality rates estimated from this study (-0.0574 to 0.0757) was low compared to other published mortdity rates for walleye pollock during this developmental 1989) . The fact that the daily mortality rates for all of the 3 d cohorts were consistently low with none exceeding z = 0.0747 d-' and that mortality rates determined from catch curve analysis were also low supports the conclusion that the low overall mortality rates found in this study were realistic.
In accordance with the low mortality rates observed for larvae, there is evidence that 1988 may be a relatively strong year-class for walleye pollock spawned in Shelikof Strait. There was a high relative abundance of 0-age juveniles caught in an August-September 1988 juvenile survey (Bailey & Spring 1992) Based on the power test done previously, we did not expect to resolve mortality rates below 0.037 d-' (for a power of 0.95). The 4 significant mortality rates were all greater than this (0.041 to 0.067 d-I). Mortality rates of 9 of the 13 oldest cohorts were not significantly different from zero. There are several possible reasons for this. First, patchiness in the larval distribution could have caused the variance to be too large to make low mortality rates indistinguishable from zero. Better stratification and increased sampling in areas of high abundance could have reduced this source of variability. However, the patchy distribution of larvae and the uncertainty in predicting areas of high larval abundance make survey design difficult. Second, the fact that each pass was not synoptic (i.e. each took from 4 to 6 d to complete) and that the pass duration was greater than the duration (3 d) of each cohort caused an increase in the variance in the age-length key, as it was a composite from several days. Adding more passes and more days between the passes would be alternative ways to increase our ability to detect low rates of mortality. Third, there is high natural variation in the age-length relationship. A larger ageing sample would be helpful in reducing this source of variation. And fourth, although we tried to eliminate the possibility of advection of larvae into the survey area between Passes 1 & 2 through the survey design and use of the model of advection and diffusion, it is still possible that such immigration did occur. Eddy-like features on the order of 20 km in diameter are common and add complexity to the current structure. Due to the complex wind regime, regions of wind-driven convergence and divergence are common. Both eddies and regions of wind-generated convergence probably play a role in the observed patchiness of larvae. . , I , I~ average veloaties usually are weak (< 10 a n s ' ) in the region near Sutwik Island and the Semidi Islands, the areas where the larval patches were found lor this study. This flow is not in the ACC where currents can be as fast as 50 cm s-'. The low net drift of the larvae in the patches was small because they are not in the ACC. The n d e l of advection and diffusion was Kendall & Picquelle 1990) and no mechanism for retention of cohorts was present.
Inferences can be made about the patterns and velocities of surface flow based on sea surface temperature (SST) pattern displacements derived from satellite images (Vastano & Larval patchiness may play a significant role in overall rates of larval mortality. Patch-level studies of larval growth, feeding and predation, and their importance to larval survival are being conducted for walleye pollock. The techniques described in this study will also continue to be used to obtain age-structured mortality rates, which. along with studies of the mechanisms and causes of larval mortality of walleye pollock in Shelikof Strait, will promote a better understanding of the dynamics of the recruitment process for this stock.
In summary, realistic and precise rates of larval pollock mortality were estimated for individual cohorts during the period of downstream drift in 1988. These estimates were low compared to those from other years, coinciding with calm ocean conditions during the larval drift period, and corresponding to relatively strong recruitment of the 1988 year class. These data reinforce the concept that good larval survival is a necessary, but perhaps not sufficient, factor for development of strong year-classes. Smaller and younger cohorts experienced significant mortality over the 12 d period between sampling dates, while mortality of older and larger cohorts was insignificant. The results support the concept of intra-specific sue-dependent mortality.
